Five municipal and domestic wastewater treatment plants, most of which had secondary treatment systems formed by activated sludge, were studied during 2013-2014 in Tehran. The study was done in order to evaluate their efficiency in terms of removal of Cryptosporidium and Giardia by (oo)cyst recovery in effluent samples using immunofluorescence with monoclonal antibodies. Results showed that mean concentrations of cysts in the influent samples always outnumbered mean concentrations of oocysts (883.3 ± 4,16.7-3,191.7 ± 1,067.2 versus 4.8 ± 6.2-83.8 ± 77.3 (oo)cysts/L), and that lower concentrations of (oo)cysts were recorded in summer, and higher levels in autumn, and that the difference was statistically significant (t-test, P < 0.05) only in wastewater from slaughterhouses. Results for removal percentages of all the plants ranged from 76.7 to 92.1% for cysts and from 48.9 to 90.8% for oocysts. There was more reduction of (oo)cysts at the urban treatment plant by activated sludge-A2O-sand filtration than at plants with conventional activated sludge and activated sludge-trickling filter, however, this difference was not statistically significant for cysts and oocysts (ANOVA, P > 0.05). Infections in mice inoculated with cysts obtained from urban wastewater effluent demonstrated presence of infectious Giardia cysts. Results demonstrate limited efficiency of conventional wastewater treatment processes at physico-chemical removal of (oo)cysts.
INTRODUCTION
Freshwater shortage is expected to become an ever-increasing problem in the future for many countries. Water deficit may be caused by climate change, such as altered atmospheric patterns, reduced annual precipitation, and overuse of water, a problem that is exacerbated by rises in population (Moe & Rheingans ) . Every day in rural communities and poor urban centers throughout the world, hundreds of millions of people are suffering because of limited access to clean, safe water. Over 80% of the water used worldwide is not collected or treated, and up to 90% of wastewater in developing countries flows untreated into streams, rivers, and lakes thus threatening human health, which water with low level chemical or microbiological contaminant can be applied without contravening water quality standards or threating human health (Kahana & Tal ) .
The parasites Giardia and Cryptosporidium are major causes of human gastroenteritis. Such parasites are the most common human protozoan pathogens transmitted by water, and as such they present a significant challenge to public health worldwide (Fletcher et al. ) . They occur in domestic and feral animals as well as in humans (Hunter & Thompson ) . Infected hosts shed a large number of cysts and oocysts into the environment (Caccio et al. ) . Both cysts and oocysts are environmentally robust and can survive in aquatic environments for a long period of time and are strongly resistant to physico-chemical stressors (Dumètre et al. ) . These organisms are highly infective and ingestion by humans of as few as 10 cysts or 30 oocysts can result in an infection (Caccio et al. ) . Currently, detection of waterborne cysts and oocysts in aquatic environments involves a range of techniques that employ filtering large volumes of sample followed by centrifugation and clarification (either by flotation or immunomagnetic separation) to concentrate (oo)cysts. A variety of other methods have also been used to isolate and enumerate (oo)cysts such as immunofluorescence and polymerase chain reaction (PCR) (Smith & Grimason ) .
In Iran, there are only a few publications reporting on data related to the presence of Giardia and Cryptosporidium in wastewater (Sharafi et al. ) . However, many studies have reported data on the molecular prevalence of these parasites in human and domestic animal feces and surface waters (Meamar et al. ; Fallah et al. a, b) .
The main purpose of this study was to determine the (oo)cyst removal efficiency for three urban wastewater treatment plants (WWTPs) and two slaughterhouse WWTPs (SWWTPs) (all with activated sludge secondary treatment process) by (oo)cyst recovery in both influent and effluent wastewater samples by immuno-parasitological assay, and to access the cysticidal effectiveness of the treatment processes in terms of inactivating Giardia cysts in effluent using eosin exclusion and animal infectivity assays.
MATERIALS AND METHODS

WWTPs
Three human WWTPs and two SWWTPs located in metropolitan and suburban areas of Tehran were chosen for sample collection (Figure 1 ).
The treatment process applied in all five of the plants is described in specific steps and shown in Table 1 . One of the plants was located in the west of the capital (Shahrak-e Ekbatan: WWTP1) and in this plant, primary treatment did not include sedimentation, and secondary treatment consisted of activated sludge and A2/O followed by sand filtration. Another of the plants was located in the north-western part of Tehran (Shahrak-e Gharb: WWTP2), and the secondary treatment system in this plant consisted of a conventional activated sludge system. The third municipal plant (Tehran southern wastewater treatment plant: WWTP3) under consideration was located in the south of the city in Shahr-e Ray, an area that will be out of the development limit of Tehran city in the next 25 years. In this plant, secondary treatment consisted of activated sludge and trickling filtration, and disinfection, consisting of chlorination and UV radiation. The overall quality of water produced from each water reclamation facility generally met the Tehran sewerage company's minimum standards for public access reuse and agricultural purposes. These standards are as follows: total N, less than 30 mg per liter; total suspended solids (singlesample maximum), 25 mg per liter or less; moderate turbidity, <10 nephelometric units; fecal coliforms, less than 1,000 per 100 mL; and nematode eggs, <1 per liter.
Two SWWTPs were included in the study; these were located in the Tehran suburbs of Robat-Karim (Meisamrobat-dam ¼ SWWTP4) and Shahriyar (Dam-pak ¼ SWWTP5). The primary treatment carried out at SWWTPs was sedimentation, and the secondary treatment consisted of activated sludge and oxidation with O 2 , and disinfection was by chlorination, but all these steps were on a smaller scale than those at the municipal treatment plants. Cattle, sheep, and goats were slaughtered in the slaughterhouses and the plants treated only domestic Cryptosporidium oocysts and Giardia cysts were identified by morphometric criteria including size (oocysts with a mean diameter of 4.9 μm and cysts with a mean diameter of 9.3 μm), shape (spherical), and intensity of immunofluorescent assay staining (bright apple green fluorescence of the oocyst and cyst walls). Positive and negative controls were used as recommended in the Method 1623 (USEPA ).
The following equation was used to estimate numbers of cysts and oocysts for each sample:
where α is the number of (oo)cysts multiplied by 10 6 , β is volume of sample in each well (μL), δ is volume of sediment (mL), and Ø is volume of sample (mL).
Cyst viability assays
Cysticidal effectiveness of the treatment plants was evaluated using the eosin exclusion assay (Faubert et al. ) and the animal infectivity assay (Garcia et al. ) .
The eosin exclusion assay was performed with the combination of 0.5 mL of 1:1,000 aqueous eosin solution and 0.5 mL of cyst suspension obtained from effluent samples by standing for 5 min at room temperature. Viable cysts were then counted on a hemocytometer.
The animal infectivity assay was also performed by the (Table 2) . Cryptosporidium oocysts were detected in 34 (62.9%) of influent samples from all plants and mean concentrations were determined in the range of 4.8 ± 6.2 to 83.8 ± 77.3 oocysts per liter, with a maximum of 315 and a minimum of 5 oocysts per liter (Table 3) . Geometric means of (oo)cysts per liter of raw and treated wastewater samples are shown in Figure 2 (a) and 2(b). In influent samples, the mean number of cysts per liter was significantly (P < 0.05) higher than that of oocysts.
RESULTS AND DISCUSSION
The mean number of cysts per liter of raw wastewater samples was higher in the autumn-winter period (October-March) (the highest mean: 3,583.3 ± 1,352.7) than in the spring-summer period (April-September) (the highest mean: 2,800 ± 555), although the difference was not statistically significant (P < 0.05) (Table 4 ).
In influent samples of all plants, the mean of concentration of oocysts per liter was higher in the autumnwinter period (October-March) (the highest mean: 119 ± 99.6) than in the spring-summer period (April-September) (the highest mean: 48.6 ± 17), and the difference was statistically significant in SWWTP4 (P ¼ 0.004) and SWWTP5
(P ¼ 0.030) ( Table 5 ). The highest number of cysts was detected in autumn and the lowest in summer. The seasonal slope of the standard curves obtained from all plants with (Table 3) .
Cyst viability in wastewater effluent samples and the control positive sample was determined by eosin exclusion assay and ranged from 65 to 90%. Giardia cysts recovered from final effluent samples were also administered to groups of mice, as described in Table 6 . Each of the three mice in the positive control group and the two mice that received concentrated urban effluent had shed cysts in their feces. Cyst counts in the effluent group were much lower than those in the positive control group. Whereas the positive control group peaked at a mean cyst count of 170, the urban effluent group peaked at a mean of 30 cysts (Table 6) . One mouse inoculated with urban effluent and one mouse in the positive control group that shed cysts in its feces each had trophozoites observed in intestinal scrapings (Table 6) . Since Cryptosporidium oocysts and Giardia cysts have extremely high resistance against chemical disinfectants including chlorine, the presence of (oo)cysts in treated wastewater is a major cause for concern in water reclamation schemes and for discharge into the environ- The main purpose of the present study was to investigate (oo)cyst removal efficiency of the five WWTPs in Tehran, Iran. In the present study, the maximum number of (oo)cysts in the influent samples was lower than that reported by Cacciò et al. (), and it seems that the number of (oo) cysts detected in positive samples is an under-estimation; however, proper evaluation of recovery efficiency from methods used for isolation and enumeration of (oo)cysts is seldom quoted.
In fact, interpretation and comparison of data are difficult because of differences such as rate of infection within populations and size of populations studied, wastewater type (domestic versus urban), type of secondary treatment system, time of sampling, sample volume and type (grab or large volume), and the different concentration techniques that are used for (oo)cyst detection.
In the present study, evaluations of (oo)cyst concentrations were different throughout the study period with the highest number of (oo)cysts detected in autumn and winter. Previous studies report that concentrations of Giar- In this study, cyst viability was first assessed using the eosin exclusion assay, followed by animal infectivity assay to overcome the biases due to the overestimation of the viability of Giardia cysts by the eosin exclusion procedure (Thiriat et al. ) . The presence of viable and infectious cysts in final effluent samples was confirmed by the results of eosin exclusion and animal infectivity assays in this Contamination wastewater released into surface and groundwater sources could increase the risk of human giardiasis and cryptosporidiosis through consumption of vegetables and use of water.
CONCLUSION
These results have demonstrated that Giardia and Cryptosporidium were prevalent in the study area and this highlights the importance of treating wastewater effluent from domestic and urban treatment plants to control pathogenic protozoans. The tested wastewater treatment processes (activated sludge) were determined as having limited efficiency in terms of removing (oo)cysts, so it is important that wastewater treatment authorities reconsider the relevance of protozoa contamination levels in wastewater and that appropriate countermeasures are developed with suitable regulations on treatment processes such as membrane-based technologies (e.g., ultrafiltration) that not only establish acceptable levels of reduction of (oo)cysts but that also improve the levels of acceptable quality of recycled wastewaters to avoid chemical disinfection and consequent possible formation of toxic by-products. These improvements can also include consideration of supplementary inline physical disinfection systems known to inactivate Cryptosporidium oocysts and Giardia cysts (such as UV radiation or ozonation) with increased exposure time to pass radiation through the (oo)cyst wall and to increase the impact of physical disinfectants on (oo)cysts.
